Abstract -With high pressures, supercritical fluids can be studied over a very wide range of density. Fluids with strongly interacting polar molecules -for example water -are of particular interest. Results for several thermophysical properties are discussed. Density, dielectric constant and self-ionization of water have been determined or predicted to 1000 °C. Beyond 20 GPa very hot water appears to become a dense ionic fluid. -Dense, supercritical gases are increasingly applied as solvents.
INTRODUCTION
Dense fluids at elevated and supercritical temperatures provide a unique field to study extensive and continuous variations of physico-chemical properties with temperature, pressure and composition. Knowledge of thermodynamic properties of the material under study is indispensible either as an end in itself or to define precisely the state of the substances at working conditions. In order to generate substantial density variations, application of high pressure is necessary, although pressure values up to several hundred MPa will be sufficient in most cases. It should be remembered, that pressures of this magnitude normally do not appreciably deform molecular and electronic structures. -Fluids with pronounced intermolecular interaction are often of particular interest. Such fluids will have relatively high critical temperatures and may be corrosive at such conditions. Thus experimental arrangements may often be required which permit precise measurements at simultaneous conditions of elevated pressures, temperatures and corrosion resistance.
In the supercritical region one obviously has the possibility to vary thermophysical properties continuously from gas-like to liquid-like values. This could -for example -mean the transition from non-electrolyte to electrolyte behaviour of a solvent. There is a wide range of complete miscibility of otherwise unmiscible partners like water and hydrocarbons, and there is an extended range of supercritical solvents for extraction processes. Many examples have been presented during this Conference. Studies of chemical reaction kinetics can be envisaged which take advantage of the combination of high material density and high "gas-like" transport coefficients.
In the course of this lecture selected results of more recent experimental research and of calculations shall be presented. Water and aqueous systems will be principle examples. At first some thermophysical -in particular dielectrical -properties of pure water will be shown. Binary mixtures will be more extensively discussed. Selected ternary systems will follow, and finally the feasibility of "hydrothermal combustion" shall be demonstrated.
PURE WATER
Pure water is probably the best investigated polar fluid as far as the pressure-volume temperature relations are concerned. Modern editions of steam-tables for engineering purposes provide density data in dependence of temperature and pressure to nearly 1000 25 and 1000 NPa . Above about 3000 MPa shock wave data can be used (ref . In accordance with this dielectric behaviour, high electrolytic conductance of a number of salts, acids and bases dissolved in dense supercritical water has been observed. These kinetic phenomena shall not be discussed here. -A function of temperature and density alone is the self-ionisation of water, measured by the "ion product". Figure 2 gives a diagram similar to the one of Fig. 1 At sufficiently high temperature, partners of very different polarity can form homogeneous mixtures even of "liquid-like" densities, where particles are almost always within the range of their mutual interaction potentials. Thus even water can mix with entirely nonpolar gases and liquid hydrocarbons. -The dielectric constant of pure supercritical water has been discussed in the preceding paragraph. It is interesting to investigate how the dielectric constant of a supercritical binary aqueous phase would change in dependence of temperature, density and mole fraction when the composition is varied over the whole range from water to the pure nonpolar component. Measurements with such mixtures can obviously not normally be made at room temperature because of insufficient miscibility -with the exception of some cases, where the nonaqueous partner, for example, has high local dipole moments or a suitable quadrupole moment like dioxane. Besides a general interest in dielectric properties of dense supercritical polar-nonpolar mixtures, such aqueous phases with carbon dioxide, methane, nitrogen and other partners are important as hydrothermal fluids in geochemistry.
Water has a critical temperature of 374 °C. At 400°C it is completely miscible with benzene. The critical curve has either a temperature minimum ("gas-gas immiscibility of the second kind") or proceeds immediately to high temperature and pressures ("gas-gas immiscibility of the first kind").
A number of such aqueous systems have been studied more recently and examples shall be presented. Figure 4 shows schematically a typical case which resembles water-nitrogen or -.x water-methane (see below). The upper left quarter gives a three-dimensional PTx-diagram. The composition is described by mole fractions x. The two-phase region is shaded. The critical curve has a shallow temperature minimum. The remaining three quarters of the diagram show the three two-dimensional projections: Isotherms, isobars and curves for constant mole fractions x, isopleths.
A real example is given in Fig. 5 with the system water-hydrogen (ref. 17). The curve abc is an actual isopleth for 90 mole percent of water. The projection of the critical curve in the temperature pressure plane rises almost vertically. The critical curve would be of the "first kind" (see above). Another system, investigated quite recently, is water-oxygen. A set of isopleths is shown in Fig. 6 . The critical curve has a slight temperature minimum around 367 °C and 75 MPa (ref. 18). The PTx-diagram for the water-nitrogen system is very similar, the minimum of the critical curves occurs at almost the same pressure and temperature (ref. 19). At room temperature and atmospheric pressure the solubility of oxygen in water is nearly twice as high as that of nitrogen, which is important for biological systems.
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Accordingly the Henry-constant at 25 C for water-nitrogen is twice as high as for water oxygen. Near the critical point of water, however, the two Henry-constants are almost equal. Differences in molecular interaction have largely been levelled out. Working with oxygen and water to 4OO °C and 250 MPa needs certain precautions in order to prevent rapid corrosion and burning of metal parts. The fact of complete miscibility, however, opens up possibilities of oxidation and other chemical reactions in dense, hydrothermal phases.
One further example is the system water-helium, Fig. 7 . Here the critical curve is clearly of the type one (ref. 20). For comparison, a part of the critical curve of the water-hydrogen system is also shown. The dashed strip marked "Uranus" has been calculated (ref. 21) as the possible pressure-temperature relation with increasing depth in the outer planet Uranus. Since the planet is believed to contain, besides highly compressed water, also helium and hydrogen, the knowledge of the intersection of the calculated pT-relation with the critical curve may permit conclusions concerning possible phase separation and stratification - 19) . The full black points were measured and show the course of the critical curve. The curves are calculated spinodal isopleths for constant mole fractions. The spinodals determine the boundary surface for diffusional or material instability. This surface coincides with the surface of mechanical stability or binodal surface along the critical curve. Thus the critical curve can be determined as an envelope of calculated spinodals in the pT-projection. The parameters X , m and were taken as 2.5, 10 and 1.0 respectively. was left as the only adjustable parameter. The best possible presentation of the critical curve was obtained with 0.75. The agreement is good and probably within the range of experimental accuracy. It can be expected, that other binary aqueous systems with partners. for which similar interactions with water are probable, can be described with the same unchanged set of parameters. As a test, the two systems watermethane and water-xenon were chosen, for which high pressure experimental data are available (ref. 247,L8). Figure 10 demonstrates the results for water-methane. As before, the envelope of the calculated spinodal isopleths agrees well with the experimental points. This is true also for water-xenon at high pressure. At lower pressure the deviation amounts to 15 K.
An important and interesting binary aqueous system is water-carbon dioxide. One can expect, that it is more difficult to describe, because of stronger interaction between water and carbon dioxide molecules. The latter have a considerable quadrupole moment. The two-phase equilibrium surface in the PLC-space and the critical curve have been determined experimen- 0.99, 0.94, X1.5, m10. adjustment had to be made using a changed set of parameters as shown in the legend. In Fig. 11 one calculated binodal isopleth (two phase boundary curve) for 60 mole percent water is shown with experimental points. The lower part of the Fig. 11 gives one isobaric cross section at 200 MPa, again with experimental points. The agreement is satisfactory.
In addition to the prediction of phase equilibria and critical curves it is interesting to know whether an equation and its underlying model can also describe thermodynamic properties of homogeneous supercritical mixtures. This question was examined with the excess volume of the water-methane and other aqueous systems. Molar volume data of several such mixtures have been determined experimentally to 1400 °C and 200 MPa and above. These mixture volumes are compared with values calculated by the addition of molar volumes of the pure partners, multiplied by their respective mole fractions. The differences are generally called excess volumes, yE, which represent the deviation of the mixture from ideal, additive behaviour as far as the volume is concerned. For the polar-nonpolar aqueous mixtures discussed here, the excess volumes are usually positive, that is the mixture volume is higher than expected for ideal behaviour. The amounts of the excess volume decreases if one approaches high pressure. One example, the excess volume of water-methane mixtures as a function of pressure at 4OO °C and two compositions is shown in Fig. 12 . Calculations were made with the same set of parameters given in Fig. 10 . The agreement is again within the range of experimental uncertainties, with the exception, perhaps of values around 10 MPa. These low pressure data depend to some extent on binary second virial coefficients. A very recent investigation indicates that calculated high pressure excess volumes are comparatively insensitive to small parameter changes.
In conclusion it should be emphasized again, that with aqueous systems the CF-equation cannot be expected to give good predictions at moderate and normal temperatures. It has been applied successfully, however, for the methanol-methane critical curve between 300 and 500 K and to 300 MPa. Where these meet the boundary of region II, the phase eseparation was determined and the three-dimensional surface around the region II with one methane-rich and one water-rich phase in the isobaric diagrams can be outlined. Similar new measurements, which are under way with the system water-hexane-sodium chloride seem to indicate. however, that the waterhexane two-phase region is much less shifted to higher temperature by added salt. This may be related to the fact that at given pressure and concentration the critical curve of the binary water-hexane system extends already to much higher temperatures than the curve for water-methane. -A limited number of experiments have been made with water, methane and calcium chloride. The results seem to indicate, that the calcium chloride around 400 °C forms mainly mono-valued ions.
COMBUSTION AND FLAMES
It has been shown, that at 400 °C methane and oxygen are both completely miscible with the dense supercritical water. Very probably also a mixture of both these two gases can form a homogeneous phase with water. Thus one should assume that hydrothermal combustion?? could be supported in such phases. A project has been started to investigate such combustion. An autoclave with sapphire windows was designed to hold and observe water-gas mixtures to 500 °C and 100 MPa or more. Through a narrow nozzle injection of methane or oxygen into the 100 MPa water is possible at slow flow rates of a few microliters per second. Around room temperature unusual phenomena of clathrate formation are observed. If oxygen is slowly injected into a homogeneous mixture of water and 30 mole percent methane, spontaneous ignition occurs already at temperatures as low as 430 °C. Steadily burning hot flames are observed at 100 MPa, about 3 mm high and 0.5 mm wide. A photograph of such a flame is shown in Fig. 16 . No phase separation occurs around this ??supercritical flame??. The formation of the flames is remarkable, since normally spontaeous ignition temperatures for oxygenmethane mixtures are reported to be around 550 C (ref. 55,5f57). The quenching effect of the dense water is not as pronounced as could be expected. The burning relocity of these flames is exceptionally small: of the order of one cm sec or even less. High pressure flames described in the literature, seem not to exceed about 7 MPa of pressure. Certainly, because of the high miscibility other combinations with more components can be brought to reaction in the hydrothermal fluid and oxidation below the flame temperature is also feasible.
In conclusion it may be mentioned again that the dense fluids at supercritical conditions are mediawhich provide an unusual variation of phenomena. Extensive and continuous change of physico-chemical properties, combination of ??liquidlike?? and ??gas_like?? behaviour, unusual miscibility, high chemical reaction rates and also continuous transitions like those from molecular to ionic and even to metallic states can be observed.
